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Abstract
There are many ways in which the surrounding media, such as air between an oscillating
MEMS structure and a ﬁxed substrate, can aﬀect the dynamic response of a MEMS
transducer. Some of these eﬀects involve dissipation while others involve energy transfer.
Transverse oscillations of a planar structure can cause a lateral air ﬂow in small gaps that
results in pressure gradients. The forces due to the built–up pressure are always against
the vibration of the structure and have characteristics of damper and stiﬀener. In this
work, we study the squeeze ﬁlm phenomenon due to the interaction between the air–ﬁlm
and the structure in the presence of restrictive ﬂow boundary conditions. It is known
that the squeeze ﬁlm damping due to the air trapped between the oscillating MEMS
structure and the ﬁxed substrate often contributes to maximum energy dissipation. We
carry out an analysis to estimate damping and stiﬀness in cases with restrictive ﬂow
boundaries in dynamic MEMS devices. While the studies reported in the present work
address ﬂuid ﬂow damping with restrictive ﬂow boundaries, the analysis of air-ﬂow shows
another important phenomenon of enhanced air-spring stiﬀness. This study is discussed
separately in the context of spring stiﬀening behavior in MEMS devices exhibiting squeeze
ﬁlm phenomenon.
First a theoretical framework for modeling squeeze ﬁlm ﬂow is established and this
is followed with analytical and numerical solutions of problems involving squeeze ﬁlm
phenomenon. Modeling of squeeze ﬁlm eﬀects under diﬀerent ﬂow conditions is carried
out using Reynold’s equation. The problem of squeeze ﬁlm damping in MEMS transducers
is more involved due to the complexities arising from diﬀerent boundary conditions of the
ﬂuid ﬂow. In particular, we focus our attention on estimation of damping in restricted ﬂow
boundaries such as only one side vented and no side vented passive boundary conditions.
Damping coeﬃcient for these cases are extracted when the ﬂuid is subjected to an input
velocity proﬁle according to a speciﬁc mode shape at a given frequency of oscillation.
We also explain the squeeze ﬁlm ﬂow in restricted boundaries by introducing the concept
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of passive and active boundary conditions and analyzing the pressure gradients which
are related to the compressibility of the air in the cavity. Passive boundary conditions
are imposed by specifying the free ﬂow or no ﬂow along one of the edges of the cavity,
whereas, active boundary condition is imposed by the velocity proﬁle being speciﬁed at
the interface of the cavity with the oscillating structure.
Some micromechanical structures, such as pressure sensors and ultrasound transducers
use fully restricted or closed boundaries where the damping for such cases, even if small,
is very important for the determination of the Q–factor of these devices. Our goal here
is to understand damping due to ﬂow in such constrained spaces. Using computational
ﬂuid dynamics (ANSYS–FLOTRAN), the case of fully restricted boundaries is studied in
detail to study the eﬀect of important parameters that determine the ﬂuid damping, such
as ﬂow length of the cavity, air–gap height, frequency of oscillations and the operating
pressure in the cavity. A simulation strategy is developed using macros programming
which overcomes some of the limitations of the existing techniques and proves useful in
imposing a non–uniform velocity and the extraction of damping coeﬃcient corresponding
to the ﬂexibility of the structure in speciﬁc oscillation modes. Rarefaction eﬀects are also
accounted for in the FEM model by introducing the ﬂow rate coeﬃcient, or, alternatively
using the concept of eﬀective viscosity. The analysis carried out for the fully restricted
case is motivated by the analytical modeling of squeeze ﬁlm phenomenon for a wide range
of diﬀerent restricted boundaries, and analyzing the resulting pressure gradient patterns.
We show that signiﬁcant damping exists even in fully restricted boundaries due to lateral
viscous ﬂow. This is contrary to known reported results, which neglect damping in such
cases. The result indicates that in fully restrictive ﬂuid ﬂow boundaries or in a closed
cavity, air damping cannot be neglected at lower oscillation frequencies and large ﬂow
length to air-gap ratio if the active boundary has a non-uniform velocity proﬁle.
Analysis of air-ﬂow in the case of restricted ﬂow boundaries shows another important
phenomenon of enhanced air-spring stiﬀness. It is found that ﬂuid ﬁlm stiﬀness has a
nonlinear dependence on various parameters such as air-gap to length ratio, ﬂuid ﬂow
boundary conditions and the frequency of oscillation. We carry out analysis to obtain
the dynamic response of MEMS devices where it is signiﬁcantly aﬀected by the frequency
dependent stiﬀness of the squeeze ﬁlm. We show these eﬀects by introducing frequency
dependent stiﬀness in the equation of motion, and taking examples of ﬂuid boundary
conditions with varying restriction on ﬂow conditions. The stiﬀness interaction between
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the ﬂuid and the structure is shown to depend critically on stiﬀness ratios, and the cut-
oﬀ frequency. It is also inferred that for a given air–gap to ﬂow length ratio, the spring
behaviour of the air is independent of the ﬂow boundary conditions at very high oscillation
frequencies. Hence, we limit our focus on studying the eﬀect of ﬂuid stiﬀness in the regime
where it is not fully compressible. For non-resonant devices, this study ﬁnds its utility
in tuning the operating frequency range while for resonant devices it can be useful to
predict the exact response. We show that it is possible to design or tune the operating
frequency range or shift the resonance of the system by appropriate selection of the ﬂuid
ﬂow boundary conditions.
The emphasis of the present work has been toward studying the eﬀect of squeeze ﬁlm
ﬂow on dynamic response of MEMS structures with restrictive ﬂow boundary conditions.
Estimation of energy dissipation due to viscous ﬂow cannot be ignored in the design
of MEMS which comprise of restricted ﬂow boundaries. We also remark that modeling
of a system with squeeze ﬁlm ﬂow of the trapped air in terms of frequency independent
parameters, viz. damping and stiﬀness coeﬃcient, is unlikely to be very accurate and may
be of limited utility in speciﬁc cases. Although the central interest in studying squeeze
ﬁlm phenomenon is on the damping characteristics because of their direct bearing on
energy dissipation or Q–factor of a MEMS device, the elastic behaviour of the ﬁlm also
deserves attention while considering restrictive ﬂow boundary conditions.
v
